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Abstract

The evolution of body size has long been a topic of interest to biologists due to
the close link between size and various aspects of an organism’s biology. Adult body size
is influenced by the underlying tradeoff in energy allocation between maintenance,
somatic growth and reproduction. I studied the evolution of a large group of globally
distributed (primarily freshwater with some marine forms) fishes to test some basic
hypotheses about the evolution of adult body size. Catfish (Siluriformes) are an excellent
group for this type of research as they represent approximately 11% of fishes and species
range in size from over three meters (family Pangasiidae) to a few centimeters (family
Trichomycteridae). Because they are such a large and diverse group, we worked at the
genera level and compiled sequence data for construction of a phylogeny along with body
size, body shape, distribution and ecological data. The final dataset included 212 genera
representing over 2,400 species. We first tested for the strength of phylogenetic signal in
body size. Next, we used phylogenetic least squared methods to test for the effects of
distribution (range size and latitude), habitat (freshwater vs. marine), trophic ecology and
body shape on body size in catfish. Because we worked at the genera level, we were also
able to quantify and analyze patterns of variability in body shape within groups
(coefficient of variation in size within a genera).

Key words: Body size, evolution, tradeoffs, Siluriformes, phylogenetic signal,
distribution, ecology
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Chapter 1: Introduction
The evolution of body size, a trait often overlooked but invariably important, has
long been of interest to biologists due to the inextricable link between size and various
aspects of an organism’s biology (Schmidt-Nielson, 1984). The reason for this is that
growth energy is either somatic or reproductive, creating a tradeoff for organisms.
Despite the fact that allocating resources to somatic growth reduces fitness in the short
term, fitness generally increases with size due to higher fecundity and survivorship,
which means the tradeoffs related to body size must be significant (Perez and Munch,
2010). Many systems have been used to better understand the nature of the tradeoffs
involved in body size evolution to understand how body size affects an organism’s
evolution and ecology. Herczeg et al. (2009) found that sticklebacks released from
predation pressure increase in body size up to two or three times the normal size over
multiple generations. Bonnet et al (2000) found that body size in female asp vipers
(Vipera aspis) has a direct influence on not only reproductive output, but also plays a part
in the ecology and energy allocation of the species due to costs involved in growth and
fat storage. Stockhoff (1991) studied gypsy moths (Lymantria dispar) to better
understand the tradeoffs between a large or small body sizes in relation to fitness under
starvation conditions, and found that smaller Lymantria dispar are more fit in the case of
starvation, but outcompeted by larger individuals when food resources are abundant. In
this study, the Order Siluriformes (Catfishes) will be used as model system to better
understand what factors influenced body size evolution.
There are a number of factors documented to play a part in body size selection
such as temperature (e.g. Bergmann’s Rule/Temperature Size Rule), range, latitude, and
1

seasonality (Dunham et al. 2013). Bergman’s Rule is described as the tendency for
endotherms to have larger body size with increased latitude and reduced temperature,
because as latitude increases and temperature drops, body size needs to be greater to
conserve heat (Blackburn, Gaston, and Loder, 2008). The Temperature-Size rule
produces similar patterns to Bergman’s Rule in ectotherms where species often attain a
larger body size with decreasing developmental temperatures (Angilleta and Dunham,
2003). An example of this can be seen in the work done by Taylor and his colleges
(2015) looking at TSR and phenotypic plasticity affecting wing size in fruit flies
(Drosophila pseudoobscura). They found evidence for TSR as the greatest influence on
wing size was indeed rearing temperature, but it was interesting that they also found that
local selection on body size was acting against the effects of temperature (Taylor, et al.,
2015). A major driving mechanism driving this pattern is thought to be tradeoffs between
energy allocated to growth (increase in biomass) vs development (tissue differentiation)
(Zuo et al. 2012). Another important phenomenon that is often seen is body size tends to
increase with an organism’s range size, due to larger species selecting for larger ranges to
maintain a viable population (Burness, Diamond, and Flannery, 2001). Cope’s rule also
plays a part in body size evolution and can be described as a tendency for increased size
in a lineage over evolutionary time (Alroy, 1998; Brown and Maurer, 1986). In fishes,
character displacement is often invoked as a major force in the evolution of body size
(Stanley, 1973). In North American assemblages, size ratios, which are the ratios between
length and width, among congeners increased with diversity, indicating competition with
ecologically similar species can drive body size selection (Knouft and Page, 2003). Work
by Burness, Diamond, and Flannery (2001) found that for a specific land area, the body
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mass of the top herbivores and carnivores increased with land area in a way that was
similar to the relationship between increasing mass and increasing home range. Lastly, in
work done by De Souza and Santucci (2014), they studied body size evolution and
Cope’s Rule in Cretaceous Titanosauriformes. They found evidence to support that
Titanosauriforme evolution does not support Cope’s Rule, the tendency for increased size
in a lineage over evolutionary time. All these factors have been the subject of various
studies by others in the past and serve to emphasize the importance of understanding
body size evolution.
Catfish (Siluriformes) serve as a model system to study body size due to the
enormous range in body size, broad distribution and diversity present in the order (Table
1). Catfishes can be defined as a monophyletic order of fish that generally have a pale,
long body without scales, a large mouth with barbells around it, and have spines on their
dorsal and/or pectoral fins (Armbruster, 2011). An example of the large range in size
present within the order can be seen between Pangasius gigas, the Giant Mekong catfish,
which can grow to over three meters long, and the tiny group of catfishes in the family
Trichomycteridae known commonly as candiru, which can be as small as two centimeters
in length as adults (Fishbase, 2012 a, Fishbase 2012 b) (Fig.1).
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Family
Akysidae
Amblycipitidae
Ariidae
Auchenipteridae
Bagridae
Callichthyidae
Clariidae
Cranoglanididae
Diplomystidae
Doradidae
Erethistidae
Heptapteridae
Hypophthalmidae
Ictaluridae
Lacantuniidae
Loricariidae
Malapteruridae
Nematogenyidae
Olyridae
Pangasiidae
Parakysidae
Pimelodidae
Pseudopimelodidae
Schilbeidae
Siluridae
Sisoridae
Trychomycteridae
Grand Total

Number of Genera
3
2
22
4
20
6
3
1
1
6
2
10
1
5
1
48
7
1
1
2
1
24
3
10
8
15
5
212

Number of species
34
15
128
40
261
182
64
3
3
27
8
153
4
49
1
634
177
1
5
26
5
90
23
56
90
148
141
2368

Range of SL
Maximum SL
2.2 - 22
6.2 - 16.5
12 - 185
2.7 - 59
2.9 - 165
2.0- 24
5.7 - 170
29 - 43
23 - 26
2.2 - 100
2.2 - 13
2.6 - 41
57.5
4.2 - 165
42.7
2 - 135
2.7 - 122
N/A
5.8 - 14.5
18.2 - 300
2 - 6.2
6.6 - 360
2 - 34.5
5.8 - 90
4.1 - 500
3.2 - 200
1.6 - 37.4
1.6 - 500

22
16.5
185
59
165
24
170
43
26
100
13
41
57.5
165
42.7
135
122
N/A
14.5
300
6.2
360
34.5
90
500
200
37.4
500

Genera with CYTB Data COI1 RAG2 RAG1 Habitats
Diet
3
3
3
3
Stream, River
Invertivore
2
2
2
2
Stream, River
Invertivore
22
15
21
20 River, Estuary, Marine
Invertivore, piscivore
4
2
2
3
River, Lake
Invertivore, piscivore
14
13
15
17
Stream, River, Lake Invertivore, piscivore, herbivore,detritivore
6
3
3
5
Stream, River
Invertivore, herbivore, detritivore
3
1
2
2
River, Lake Invertivore, piscivore, herbivore, detritivore
1
1
1
1
River
N/A
1
1
1
1
River
N/A
4
3
3
6
River
Invertivore
1
2
2
0
Stream, River
N/A
6
6
10
4
Stream, River
Invertivore
1
1
1
1
River
Invertivore
5
4
5
4
River, Lake
Invertivore, piscivore
0
0
1
1
N/A
N/A
23
36
37
40
Stream, River
Invertivore, herbivore, detritivore
4
6
6
5
River, Lake
Piscivore
0
1
1
1
River
N/A
1
1
1
1
Stream
N/A
2
2
2
2
River, Marine
Invertivore, herbivore
0
1
1
0
Stream
N/A
24
12
23
6
River, Lake
Invertivore, piscivore
2
3
2
2
River
Invertivore, piscivore, herbivore
8
10
8
7
River, Lake
Invertivore, piscivore, herbivore
8
3
4
4
Stream, River, Lake
Invertivore, piscivore, detritivore
11
12
15
4
River
Invertivore, piscivore
4
3
3
4
Stream, River
Invertivore, piscivore, parasitic
160 147
175 146

Table 1. Table showing the families included in this study, the number of genera included and species, as well as the range in mean standard length, maximum and
minimum standard length within the families, the number of genera with GenBank data available for each gene studied as well as the habitats and diets found within each
genu
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Figure 1. Example size disparity in two species of catfish.
Maximum size among all the genera varied greatly, from
the largest record with Siluris glanis (Siluridae) at 500 cm
to the smallest record with Vandellia cirrhosa
(Trichomycteridae) at 1.6 cm.

In terms of their diversity, Siluriformes
represents 11% of all fish, containing 37
recognized families of catfish with over
3400 species that come in various shapes
Catfish Size Comparison

and forms (Nelson, 2006). They are globally

distributed except for the North and South Pole (Armbruster, 2011). Catfish also serve as
a great model to study body size evolution because they are subject to a multitude of
factors that affect body size such as differences in elevation, habitat, trophic level and
latitude.
The purpose of this study is to examine catfish body size in an evolutionary
context to test hypotheses regarding body size evolution. I predict there will be a strong
phylogenetic signal for body size present in the phylogeny, which means closely related
genera will be more similar in size than distant genera. I hypothesize that by studying the
distribution and latitude of each genera that evidence for the temperature size rule (TSR)
will be present, and that body size will increase on average as latitude increases. I also
predict that trophic levels and morphology will play a significant role in body size
evolution in catfish due to the different energetic demands of different trophic levels and
body forms.
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Chapter 2: Materials and Methods
My final dataset contained data on 212 genera that represents over 2300 species
of the 3400 recognized species of Siluriformes that I used to generate a phylogeny. I
worked at the genera level because the dataset to work at the species level was too large
with too many gaps (e.g. unresolved taxonomy, incomplete ecological data) in the
information. I collected data on body size, morphology, distribution, habitat and trophic
ecology for each genera to analyze which of these factors played the greatest part in
Siluriforme body size evolution. For each genus of catfish, I collected sequence data from
Genbank (http://www.ncbi.nlm.nih.gov/genbank/) for three genes (one mitochondrial:
CytB, and two nuclear: RAG1, and RAG2) (GenBank, 2014). I also collected sequence
data for COI (mitochondrial) but the COI data was not helping to resolve the phylogeny
adequately so it was excluded. Sequences were aligned with Muscle (Edgar 2004) and
concatenated before analyzing with MrBayes (Huelsenbeck and Ronquist, 2001).
Phylogenetic analyses were performed on the final matrix (218 taxa and 3749 characters
partitioned by gene) using a parallel version of MrBayes (3.2.2) on the USM computing
cluster. Markov chain Monte Carlo simulations included 12 chains in 4 independent runs
for 30 million generations with convergence assessed through parameter average ESS
values (all >3800). After discarding the first 30,000 trees as burn in, the remaining 90,000
were used to construct a 50% majority rule tree and estimate posterior probabilities
(Figure 4).
I then compiled body size data, which was total length in centimeters, for
individual species from Fishbase (Boettiger, et al, 2012) and then calculated the mean,
maximum, and coefficient of variation for each genus. Distributional data for each genus
6

was compiled from museum records (www.fistnet2.net) and distilled into a
presence/absence matrix for a global 5 degree (latitude and longitude) grid (Fig. 2).

Global Catfish Distribution

Figure 2. Map of global (5 degree grid resolution) catfish distribution and diversity. Grid colors correspond
to number of genera present (red=more diverse). The most broadly distributed genus (Arius) occupies 115 cells. The
maximum diversity for any one grid is 68 genera (northern South America)

The global distribution of each genus was compared to published distribution maps and
written accounts to eliminate potential georeferencing errors, introduced populations, and
to fill in grid cells where a genus was reported to occur but there were no museum
records. From this matrix, I estimated catfish diversity (number of genera present) in each
grid. We then calculated the range size (number of occupied grid squares) and maximum
latitude for each genus. Finally, co-occurring catfish diversity for each genus was
calculated as the average catfish diversity throughout the range (mean number of
coexisting genera in all grid cells). For each genus, we collected a representative image or
line drawing (lateral view) and measured (using TPSDig2 (Rholf, 2010), maximum body
depth, anal fin length, dorsal fin length, minimum caudal peduncle depth and maximum
7

caudal fin depth (Fig. 3). Each measure was standardized by standard length and all five
variables summarized by principal components analysis (PCA)
Morphological Measurements

Figure 3. Each line shows the measurements taken for the pictures collected. Standard length was collected (Line 2),
followed by maximum body depth (3), anal fin length (4), dorsal fin length (5), minimum caudal peduncle depth (6),
and maximum caudal fin depth (7).

yielding two axes describing body shape. To analyze habitat, I calculated the proportion
of species in each genus exclusive to freshwater (not reported to occur in marine or
brackish water) from Fishbase (Boettiger, et al., 2012).
I quantified the strength of phylogenetic signal (Bloomberg’s K; Garland et al.
1992) in mean and maximum size, body shape, latitude, range size, and salinity tolerance.
Bloomberg’s K measures how well the variation in a trait is explained by phylogenetic
patterns. The test assumes Brownian motion in terms of evolution, where it is assumed
the ancestral catfish had some specific trait value, then, as they diversified over time, the
trait changed randomly. The result of this would be strong phylogenetic signal because
closely related and recently diverged groups will not have changed much due to recent
divergence. A value of 1.00 would mean that patterns of a trait among genera did not
differ from values predicted from the Brownian motion. A value above 1.00 means
8

observed trait values are more phylogenetically conserved (i.e. closely related species are
more similar in size), and below 1.00 means less of a phylogenetic signal (closely related
species less similar in trait values). To test the hypothesis that body shape, distribution,
habitat and diversity would best explain catfish body size evolution, I analyzed and used
phylogenetic generalized least squares models that predict body size based on different
sets of variables and then used AIC (Akaike information criterion) tests to determine
which of the statistical models were the best predictors of body size (Anderson,
Burnham, and Thompson, 2000). The test was used to look at not only the models but
also all possible combinations of the models to tests the hypothesis’s presented in Table
2. The values obtained with the test can be observed in Table 4 as well as the weights
they were put against. Predictor variables were grouped into: shape (PCA axes 1 and 2),
distribution (range size and maximum latitude), habitat (percentage of species excusive to
freshwater) and diversity (mean co-occurring catfish diversity through the range).
Candidate models included combinations of these four variables. Models included main
effects and all two-way interactions of predictor variables (Table 2).
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Models and Hypothesis’s Studied
Model
Null
Body Shape
Distribution
Habitat
Catfish Diversity
Body Shape + distribution
Body Shape + habitat
Body Shape + catfish diversity
Distribution + habitat
Distribution + catfish diversity
Habitat + catfish diversity
Global

K
2
5
5
3
3
12
8
8
8
8
8
23

Hypothesis
Maximum and/or mean body size is not predicted by any of these
Maximum and/or mean body size is best predicted by body shape
Maximum and/or mean body size is best predicted by distribution
Maximum and/or mean body size is best predicted by habitat
Maximum and/or mean body size is best predicted by catfish diversity
Maximum and/or mean body size is best predicted by body shape + distribution
Maximum and/or mean body size is best predicted by body shape + habitat
Maximum and/or mean body size is best predicted by body shape + catfish diversity
Maximum and/or mean body size is best predicted by distribution + habitat
Maximum and/or mean body size is best predicted by distribution + catfish diversity
Maximum and/or mean body size is best predicted by habitat + catfish diversity
Maximum and/or mean body size is best predicted by all possibilities combined

Table 2. This table shows the candidate models and associated hypothesis and the number of variables involved (K) in each.
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Chapter 3: Results
Siluriformes Phylogeny

Figure 4. Phylogeny of catfish showing the posterior probabilities at each node, color coded by support value (green >
0.95, red values lower). The tips are labeled with the Family and genus name for each group. The outgroups have been
deleted to make the phylogeny easier to read.
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The phylogeny created (Fig. 4) showed strong support for the majority of the
branches. All of them had 50% support or more. The main branches under question were
the branches showing the division between the Bagrid catfishes (Bagridae) and
Schilbidae, as one species genus of Schilbidae was found within the Bagrids with a high
confidence value for the branches at 0.999. A similar issue was present between
Pimelodidae and Hypothalmidae, the genus Hypothalmus was found within the middle of
the Pimelodids branches, however the confidence value was much lower at 0.533. The
Bagrids were also separated into two different groups representing the South American
and African genera. There were a few other nodes within the tree with lower values,
however, as a whole the tree was very strong for the purpose it served in this experiment
as it captured most the broad taxonomic groups as monophyletic groups.
The genus with the largest standard length was Pangasidae with a record for a
catfish reaching a length of 500 cm, while the shortest was found to be 1.7 cm long
within the Tridiomycteridae. Ictaluridae had the largest average SL at 155 cm and
Doradidae had the shortest average standard length at 2.7 cm. All but two genera of
catfish (Parakysidae and Olyridae) were found within river systems. A large number were
also found within streams. They were not found as often in lakes and even more rarely in
marine systems. I could not find any sources for the general habitats of Lacantuniidae. In
terms of diet, almost all the genera were predatory insectivores or piscivores. A small
number fed on plants and many were either intentional or unintentional detritivores. The
Trychomycteridae also have parasitic species.
Catfish were found to be distributed all over the world except for at the poles (Fig.
2), spreading from 55oN latitude to 55oS latitude (based on the maps 5o divisions). The
12

most broadly distributed genera, Arius, occupied 115 cells found all over the world, while
the maximum diversity found within one cell was 68 different genera in South America,
most of which were from Loricaridae. The main diversity hotspots were in the northern
part of South America and in southern Asia (Fig. 2). Many of the more northern
distributed species had larger range sizes but less diversity, such as the Wels Catfish that
is found through much of Russia and Europe.
Phylogenetic signals were calculated for each model and found to be significant to
0.001 for each model except for range size, which was to 0.183. The K statistic found for
Body shape in PCA axis 1 is 1.33, which is the highest value obtained for phylogenetic
signal (Table 3). The K statistic obtained for each of the other models studied is
represented in Table 3 in order of highest to lowest.

Table 3. Strength of phylogenetic signal for size and predictor variables, ordered by observed K
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Phylogeny of Mean Body Size

Figure 5. Mean body size (cm standard
length) mapped onto the catfish genera
phylogeny (50 % majority rule, see text for
details). Tip names are family and genus.
Outgroups and node probabilities from
phylogenetic analyses are not shown.

In the phylogeny created,
colors were used to show mean
body size among families. The
closer to dark blue the colors get,
the bigger on average the family is
(Fig. 5). The closer to red, the
smaller each family is on average.
The phylogeny showed strong
phylogenetic signal which
generally means the trait is not
rapidly evolving and so closely
related genera were more similar in
size. The phylogeny also split up
the two suborders between the
larger Silurids and the smaller
Loricarids. There were a few
outliers within each suborder,
however, such as Megalancistrus in
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the Loricarids, which was much larger than most other Loricarids that most of its closest
relatives, and Bagarius in Sisonidae in the Silurids. This suggests there are other factors
influencing body size evolution within catfish besides ancestry.
For mean size, the best model was Body Shape + Habitat with a dAIC of 0.0 and
Weight of 0.959. For maximum size, there were three significant models, Distribution
(dAIC 0.3, Weight 0.436), Catfish Diversity (dAIC 4.7 Weight 0.049), and Body Shape +
Habitat again (dAIC 0.0 Weight 0.511). Due to the weight being so low for diversity, it
is likely Body Shape + Habitat and Distribution are the best models for mean size.
AIC Test Results

15

Table 4. Results of AIC analysis for mean and maximum size of catfish genera. Candidate models were phylogenetic least
squares with two way interactions among variables. Interpretable models (>10% of maximum model weight) are highlighted
in blue (mean size) and red (maximum size).
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Chapter 4: Discussion
Looking at the phylogenetic signals, the signals were stronger in body shape
(PCA axis 1 but not 2) and physiological traits (salinity tolerance) than in body size
which means they were slow to evolve or are highly conserved for some reason. The
value obtained for maximum body size was not as conserved as mean body size which
means that body size was not as constrained. Maximum size typically reflects the
evolution of individual species while mean size typically reflects the evolution of genera.
If this analysis were repeated at the species level, the results might be different and the K
may be lower, which would suggest the trait is evolving rapidly and deviating from the
null Brownian motion patterns. Range size had the lowest observed K. The first two axes
of the PCA explained 76% of the variation in the five shape variables. The first axis
separated genera in the family Siluridae and was correlated with longer anal fins and
tapered tails (reduced caudal peduncle depth), which was strongly conserved. The second
axis was correlated with caudal fin depth, body depth and anal fin length. The Loricarids
were also separated out based on their similarities. There was also strong phylogenetic
signal for habitat which showed that salinity tolerance is highly conserved as well.
Looking at the AIC models, mean size of catfish genera was best explained by a
single model that included body shape and salinity tolerance, which supports the
hypothesis that morphology will play a significant role in body size evolution. As for
salinity tolerance, many of the largest groups of catfish are in coastal or estuarine groups
(family Ariidae) or have long tapering bodies with long anal fins (family Siluridae, Figs.
1 and 3), which was likely driven in part by the tapering bodies of Siluridae. This,
combined with the large size of the marine Arrid catfishes are what probably drove this
18

pattern. The large clade of mostly freshwater Loricarid catfish tend to be small bodied
and morphologically distinct (subterminal mouths, shorter anal fins and higher caudal fin
depth), further supporting the correlation. They also tend to be herbivores and small
stream specialists. Interestingly enough, while some terrestrial/endothermic herbivores
tend to be large bodied, this does not seem to be the case for aquatic ectotherms. The
largest aquatic ectotherms are carnivores and a few large planktivores. One exception is
the manatee.
Maximum body size models were driven by the largest representative of each
genus and there were three interpretable models: shape+habitat (which was the best
model), distribution, and catfish diversity. The distribution model is consistent with the
temperature-size rule (larger bodied taxa are in cooler climates) and basic
biogeographical theory (larger taxa have broader distributions), supporting the hypothesis
that there will be evidence for catfish being subject to TSR. For example, the Wels
Catfish (Siluris glanis) has a reported maximum size of 500 cm and has one of the largest
and most northern distributions (from Finland to southwestern Asia). Across the whole
dataset, after correcting for phylogeny there is a significant correlation between latitude
and body size (results not shown). The model containing co-occurring catfish diversity
was marginally interruptible (Table 2). Future analysis will look at the same trends in the
Loricarids, which are typically herbivorous and all freshwater, versus all other catfish,
which are generally carnivores/omnivores that are found in both freshwater and marine.
The parasitic catfishes would be excluded from the study. The small bodied parasitic
catfishes also support that trophic ecology is playing an important role in body size.
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The greatest catfish diversity is seen in northern South America and eastern Asia
(Fig. 1). These areas typically have high diversity of smaller bodied species. In contrast,
the relatively low diversity areas of Europe, North America and Australia (including
coastal habitats) have some large bodied clades. Across the whole dataset, there is a
significant positive relationship between co-occurring diversity (log transformed) and
variation in size within genera (coefficient of variation in size), consistent with character
displacement predictions. Future analysis will also look at variability more specifically.
These analyses may serve to highlight individual clades of catfish for more
detailed analyses of size evolution such as what drives large or small body size within
individual clades of catfish, or what factors influenced the evolution of different body
shapes. This research also serves to emphasize the large amount of work that still needs
to be done with this group of fish. There is still no conclusive phylogeny for this group of
organisms, and large scale studies like this are far and few between. The data available
for Siluriformes is also lacking as many families lacked enough genetic data to contribute
to generating a useful phylogeny, while habitat and trophic data for other families cannot
be found within the literature easily or at all. A great deal of work has been done within
the American catfishes, however, the information available many of the other families is
lacking. This may be partially due to the difficulty involved in sampling many of these
species that are found in remote or dangerous parts of the world. This study helps explain
the evolution of body size within the Order Siluriformes and supports various important
suggests that catfish as a whole are subject to the TSR, and that body size is dependent on
body shape and salinity. Further study is required to strengthen the results obtained
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however, and more focused studies need to be done for each individual family within the
order.
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